The effect of nitrogen content on crystal structure ͑phase and grain size͒ and work function ͑⌽ m ͒ of WN x films is investigated. The ⌽ m of WN x films is extracted from the plot of flatband voltage versus SiO 2 thickness. For W and WN 0.4 films, the ⌽ m are 4.67 and 4.39 V, and their crystal phases are both body-centered-cubic W. For WN 0.6 film, it contains W + W 2 N mixed phases and the ⌽ m is 4.50 V. On the other hand, the ⌽ m of WN 0.8 and WN 1.5 The complexity of the CMOS integration will be lessened when the NMOS and PMOS field effect transistors use the same gate electrode material. The advantage of using transition metal nitrides as gate electrode is due to not only their thermal stability but also their tunable ⌽ m . Therefore, ⌽ m of the TiN x , TaN x , 5 MoN x , 6 and HfN ͑Ref. 7͒ have been studied. However, the effect of nitrogen content on the ⌽ m only has been addressed in Ref. 7. As for WN x films, the ⌽ m was reported to be 5.0 V ͑Ref. 8͒ or 4.64 V. 9 The crystal phase of WN x was not identified in Ref. 8 while it was W 2 N in Ref. 9. However, in both studies, the nitrogen content of the WN x film was not clear. In this study, WN x and SiO 2 are chosen as the gate electrode and gate dielectric, respectively. The W:N ratio of WN x is experimentally controlled and correlation between ⌽ m and the crystal structure of WN x films will be discussed.
Owing to the continuous downscaling of gate length and gate oxide thickness in complementary metal-oxidesemiconductor ͑CMOS͒ devices, conventional polycrystalline silicon gate electrodes suffer some problems, including high gate resistance, gate depletion, and boron penetration from the p + -doped polycrystalline silicon into the channel region.
1 In order to circumvent these problems, metals, metal nitrides, and metal silicides are employed as gate electrodes. Among them, the metal nitrides are the most promising materials as gate electrode. Electrical properties of TiN x , 2 WN x , 2 TaN x , 3 or HfN ͑Ref. 4͒ have been investigated for metal nitride gate electrode applications in MOS systems. However, in the metal-gate process, the major challenge is to find gate electrodes with suitable work function ͑⌽ m ͒. The appropriate threshold voltage in a transistor imposes that the ⌽ m range of gate electrode is from 4.1 to 4.4 V for n-channel MOS ͑NMOS͒ and from 4.8 to 5.2 V for p-channel MOS ͑PMOS͒.
1
The complexity of the CMOS integration will be lessened when the NMOS and PMOS field effect transistors use the same gate electrode material. The advantage of using transition metal nitrides as gate electrode is due to not only their thermal stability but also their tunable ⌽ m . Therefore, ⌽ m of the TiN x , TaN x , 5 MoN x , 6 and HfN ͑Ref. 7͒ have been studied. However, the effect of nitrogen content on the ⌽ m only has been addressed in Ref. 7 . As for WN x films, the ⌽ m was reported to be 5.0 V ͑Ref. 8͒ or 4.64 V. 9 The crystal phase of WN x was not identified in Ref. 8 while it was W 2 N in Ref. 9. However, in both studies, the nitrogen content of the WN x film was not clear. In this study, WN x and SiO 2 are chosen as the gate electrode and gate dielectric, respectively. The W:N ratio of WN x is experimentally controlled and correlation between ⌽ m and the crystal structure of WN x films will be discussed.
The SiO 2 film is grown on the Si substrate by thermal oxidation. The W or WN x gate electrode is then deposited on the SiO 2 layer by reactive magnetron sputtering using a W target. The total gas ͑Ar+ N 2 ͒ flow rate is kept at 100 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ and the N 2 partial flow rate ͑the ratio of N 2 flow rate to the total flow rate͒ is set at 0%, 5%, 10%, 25%, or 40% to fabricate W and WN x films of four different compositions. The radio frequency ͑13.56 MHz͒ power supplied to the target is 150 W and the substrate holder is applied with a negative 100 V dc bias.
Atomic ratio of N / W in the films is determined by Rutherford backscattering spectrometry ͑RBS͒ with 2 MeV He + ion beams. Crystal structures of the WN x films were characterized by glancing incident angle x-ray diffraction ͑GIAXRD͒ with Cu K␣ radiation ͑ = 0.1542 nm͒ and an incident angle of 2°. Chemical bonding states of the films were investigated using x-ray photoelectron spectroscopy ͑XPS͒ equipped with Al K␣ radiation ͑1486.6 eV͒. Film resistivity was obtained from sheet resistance measured by a four-point probe.
The W:N ratios of WN x films are analyzed by using RBS. With 5%, 10%, 25%, and 40% of N 2 partial flow ratio during sputtering, the W:N ratios of WN x films are 1:0.4, 1:0.6, 1:0.8, and 1:1.5, respectively. Accordingly, WN x films sputtered at 5%, 10%, 25%, and 40% N 2 partial flow ratio are referred to as WN 0.4 , WN 0.6 , WN 0.8 , and WN 1.5 films, respectively.
The ⌽ m of WN x gate electrodes was extracted by measuring the flatband voltage ͑V FB ͒ as a function of the gate oxide thickness, according to the following equation:
where V FB is the flatband voltage of the MOS structure, ⌽ ms is the metal-semiconductor work function difference, ⌽ s is the work function of semiconductor, C ox is the capacitance of the oxide layer, Q is the oxide charge, t is the thickness of the oxide layer, and ox is the permittivity of oxide layer. Therefore, a measurement of V FB as a function of oxide thickness has a slope of −Q / ox and an intercept on the V FB axis of ⌽ ms . V FB of the WN 1.5 / SiO 2 / Si MOS capacitor versus SiO 2 thickness is plotted in Fig. 1 as an example. Accordingly, by extracting the intercept from the V FB versus SiO 2 thickness plot, the ⌽ m values ͑⌽ m = ⌽ ms + ⌽ s ͒ of WN x ͑or W͒ films can be obtained and they are listed in Table I . Also listed in Table I is the correlation coefficient ͑r͒ of the fitting line ͑r = 1 for perfect fitting͒. From To understand the variation of ⌽ m for WN x films, the crystal structure of W and WN x films is investigated by using GIAXRD and the patterns are shown in Fig. 2 . In addition, the 2 positions of main diffraction peaks of the films are listed in Table I . The diffraction peaks of W and WN 0.4 films are pertaining to ͑110͒, ͑200͒, and ͑211͒ planes of the bodycentered-cubic ͑bcc͒-W phase ͑ICDD PDF 04-0806͒. 11 The peaks of WN 0.4 film slightly shift to the lower 2 values as compared with those of the W film. It suggests that the lattice constant is enlarged by incorporating N atoms into the film. For the WN 0.6 film, the diffraction peaks are associated with ͑111͒, ͑200͒, ͑220͒, and ͑311͒ reflections from the facecentered-cubic ͑fcc͒-W 2 N phase ͑ICDD PDF 25-1257͒ 12 and a broad ͑110͒ reflection from the bcc-W phase, indicating that the film exhibits W + W 2 N mixed phases. W 2 N phase is the fcc structure where the W atoms occupy the positions of the fcc lattice sites and N atoms occupy 50% of the octahedral sites. When inserting interstitial atoms, such as nitrogen, into the bcc structure, the bcc structure distorts and transfers to fcc-like structure. 13 In this case, the bcc-W ͑110͒ plane transforms to the fcc-W 2 N ͑111͒ plane. Therefore, W 2 N ͑111͒ peak and W ͑110͒ peak are close in 2 position and the coexistence of these two phases is possible. The diffraction peaks of WN 0.8 and WN 1.5 films are associated with ͑111͒, ͑200͒, ͑220͒, and ͑311͒ reflections from the W 2 N phase. The 2 position of the W 2 N ͑111͒ peak shifts from 37.09°͑WN 0.8 film͒ to 36.53°͑WN 1.5 film͒ as the nitrogen content increases. The significant shift of the W 2 N ͑111͒ peak indicates that the lattice constant of the W 2 N crystal phase expands noticeably.
Also listed in Table I is the mean grain size of the WN x films. The mean grain size can be estimated from the main peak breadth according to Scherrer's formula. 14 Whether the film exhibits W phase ͑W and WN 0.4 films͒ or W 2 N phase ͑WN 0.8 and WN 1.5 films͒, the resistivity ͑listed in Table I͒ increases with decreasing grain size owing to the increase of electron scattering probability. Accordingly, the mean grain size analyzed from the XRD peak breadth is sensible. However, the resistivity of WN 0.6 is smaller than that of WN 0.8 owing to the coexistence of W and W 2 N phases. The grain size of the WN x films reduces at the initial addition of nitrogen ͑WN 0.4 and WN 0.6 films͒, due to the disturbance of tungsten lattices by adding nitrogen and the transition from bcc W to W 2 N. For the WN 0.8 film, it exhibits W 2 N phase with the largest grain size among all. Tungsten has a low reactivity towards nitrogen and it usually requires excess nitrogen to form W-N compounds. 15 Our previous study on the characterization of reactively sputtered WN x films indicates that well crystallized W 2 N films is overstoichiometric in nitrogen ͑i.e., WN 0.8 ͒. 16 However, the grain size of WN 1.5 film reduces again due to the much excess addition of nitrogen.
The W + W 2 N mixed phases in WN 0.6 film can also be verified by XPS and the deconvoluted W 4f XPS spectrum is depicted in Fig. 3 Table I , one can see that for W and WN 0.4 films, the grain size of W phase decreases from 13.9 nm ͑for W͒ to 8.4 nm ͑for WN 0.4 ͒ and the ⌽ m decreases from 4.67 V ͑for W͒ to 4.39 V ͑for WN 0.4 ͒. Similarly, for WN 0.8 and WN 1.5 films, the grain size of W 2 N phase decreases from 17.1 nm ͑for WN 0.8 ͒ to 6.9 nm ͑for WN 1.5 ͒ and the ⌽ m decreases from 5.01 V ͑for WN 0.8 ͒ to 4.49 V ͑for WN 1.5 ͒. In either case, the ⌽ m decreases with the decrease of the grain size. The film with small grain indicates that it exhibits poor crystalline quality. In addition, amorphous film has lower ⌽ m than its crystalline counterpart. 18, 19 Therefore, the poor crystalline quality ͑small grain size͒ would decrease the ⌽ m of WN x film. On the other hand, the W and WN 0.8 ͑W 2 N phase͒ films both show good crystalline quality, and the ⌽ m of W ͑4.67 V͒ is smaller than that of WN 0.8 ͑5.01 V͒. The reason why the ⌽ m of W is smaller than that of WN 0.8 is not fully understood at present. For the WN 0.6 film with W + W 2 N mixed phases, its ⌽ m is 4.50 V, which is greater than ⌽ m of WN 0.4 but smaller than ⌽ m of WN 0.8 . According to W 4f XPS spectrum ͑Fig. 3͒, the amount of W 2 N phase in the WN 0.6 film is larger than that of W phase. Owing to presence of the W 2 N phase, the ⌽ m of WN 0.6 ͑W+W 2 N mixed phases͒ is larger than that of WN 0.4 ͑W phase͒.
In conclusion, we report here the impact of nitrogen content on the ⌽ m of WN x films. The nitrogen content in WN x films changes the crystal phases ͑W versus W 2 N͒ as well as the grain size. With the comparably large grain size ͑ϳ15-20 nm͒, ⌽ m of W 2 N ͑the WN 0.8 film, ⌽ m = 5.01 V͒ is greater than ⌽ m of W ͑4.67 V͒. Addition of nitrogen into the large grain W and WN 0.8 films will decrease their grain size due to the disturbance of lattices, and the ⌽ m is consequently reduced. Therefore, ⌽ m of WN x does not vary monotonically with the nitrogen content but depends on both crystal phase and grain size. With the careful control of nitrogen content, two near-Si-band-edge metal gates, i.e., WN 0.4 ͑⌽ m = 4.39 V͒ and WN 0.8 ͑⌽ m = 5.01 V͒, could be fabricated for NMOS and PMOS applications, respectively.
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